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INTRODUCTION
Before the development of induced-polarization techniques for geophysical prospecting, it was generally believed that the polarization method would provide a direct means for locating metallic-ore deposits. This belief was based on the premise that a prolonged transient response in the earth could be caused only by polarization at an interface between a metallic particle and an ionic solution. Large transients are associated with concentrations of sulfide minerals in the earth, but in many other examples, large earth transients have been observed where there are no metallic minerals.
Several mechanisms to explain large electrical polarization in ionic conductors have been suggested recently (Dakhnov and others, 1952; Keller and Licastro, 1959) . Dakhnov suggests that when a voltage is applied to a rock, the resulting current causes electro-osmosis or fluid flow. Normally, cations are preferentially absorbed on the grain surfaces, so that the moving fluid is richer in anions than cations. As a result, there is an electrical current flow associated with the fluid flow. When the exciting voltage is removed, the fluid flow continues because of inertia, but because of friction the velocity decays exponentially. A transient voltage proportional to the decaying velocity transient of the fluid flow is generated.
Ill
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Another mechanism to produce the same effect has been suggested by Keller and Licastro (1959) . If a negatively charged clay particle is placed in a pore constriction in a rock, it may close that pore to the migration of anions but not to cations. Anions accumulate at such constrictions, and when the current is interrupted, the diffusion of ions away from these pileups will result in a transient voltage.
Enough is known about the electrical properties of rocks to confirm that both polarization mechanisms can take place in nature. However, the relative importance of the two mechanisms in electrical polarization is not known. It is reasonable to expect that the two types of polarization would be affected differently by such factors as the salinity of the water saturating a rock, the porosity, the permeability, the number of ions absorbed on grain surfaces, and possibly other rock characteristics. As an approach to determining the causes of electric polarization in common rocks, a series of measurements of transient response was made on a group of sandstone cores.
Samples for this study were provided by G. E. Manger. Porosities and water contents were measured at the Bureau of Mines' San Francisco laboratory.
MEASUREMENTS
Sandstone cores from the Morrison formation of Late Jurassic age from a drill hole in the Long Park area of Montrose County, Colo., were used for the transient studies. These cores were obtained from drill hole LP-530 in a "natural state" using an oil-base drilling mud (Manger and others, 1953) . All the samples were taken from the upper part of the Salt Wash member of the Morrison formation, and consisted of fine-to medium-grained sandstone.
For electrical measurements, a disc 0.30 inch thick and 2.75 inches in diameter was cut from each core. The oil content was removed by leaching in toluol. The effective porosity of each sample was determined by measuring the volume of water which could be forced into the samples at a pressure of one atmosphere. In addition, the resistances of several of the cores saturated with distilled water were measured, and the corresponding resistivities computed. From these data, which are summarized in table 1, the original salt content of the cores was estimated.
In comparing the effective pore volume measured by water imbibition with the porosity measured at the Bureau of Mines laboratory, it is seen that on the average, the distilled water saturated about 80 percent of the pore space. Later saturations with saline solutions generally filled 95 percent of the pore space. The resistivity measurements indicate that the salt remaining in the cores from their connate water was sufficient to add only a fewhundred to a few thousand parts per million of dissolved solids to subsequent water saturations. A salinity of 3,500 ppm (parts per million) sodium chloride was chosen as the lowest concentration that could be used to override the salinity remaining in the cores from their connate water. Transient measurements were made on the cores saturated with this solution, following which they were dried and resaturated with a solution containing 10,000 ppm sodium chloride. Transient measurements were repeated, the cores dried a second time, and a final saturation with a solution containing 50,000 ppm sodium chloride was done and a final set of transient measurements was made.
In recording electric transients a sample was placed in a core holder ( fig. 36 ) consisting of two circular silver plates, each having an insulated silver strip across its face. Contact between a core and the silver plates is made through discs of blotting paper soaked in a dilute silver nitrate solution. The silver plates are used to supply current to a core and the insulated strips are used as pickup electrodes.
A block diagram of the recording equipment is also known in figure 36. An electronic timer, which can be set for intervals between 15 milliseconds and 15 seconds, operates a pair of relays to provide In making measurements, a sample is pulsed with current for intervals of from 15 milliseconds to 15 seconds. Pulses are applied alternately with opposite polarity to avoid cumulative polarization at the current electrodes. A current of approximately % ampere was used. Measurements of impedance at direct current and 1,000 cycles were made on each core both before and after the series of pulsings. A slight increase in resistance during measurements was noted, probably caused by drying of the sample. Also, the resistivities at 1,000 cycles were 5 to 20 percent lower than the d-c values, as is normally expected when electric polarization takes place.
After the transient studies the electrochemical properties of the cores were measured. The membrane electromotive force of a rock is defined as the voltage developed across a sample when it is in contact with two electrolytic solutions of different salinity. McCardell and Winsauer (1953) have shown that this voltage can be used to determine the number of immobilized charges on the clay particles in a rock.
Membrane emfs were measured by placing a core between two reservoirs containing saline solutions and determining the voltage between these reservoirs with a pair of calomel electrodes and a potentiometer. This voltage was measured intermittently for 30 minutes after the brine solutions were brought in contact with the rock, while the membrane emf approached a stable value. Measurements were made three times on each core, using salinity ratios of 50,000 to 10,000 ppm, 50,000 to 8,000 ppm, and 50,000 to 5,000 ppm.
The number of immobilized negative charges in the rock structure was computed using equations developed by McCardell and Winsauer (1953) . According to McCardell, the membrane emf is the sum of three voltages: a phase-boundary voltage at each interface between the sample and electrolytic solution, and a diffusion voltage across the sample. The phase-boundary voltage, EPB, at each interface is given by: _____
where K is Boltzman's constant T is the absolute temperature c is the ionic charge, a is the concentration of each ion in the external solution, «o is the number of bound charges in the rock, expressed as an equivalent concentration of ions in the solution.
The diffusion voltage, ED, is given by:
KT c where p,+ and At-are the cation and anion mobilities, respectively, ae and ad are the concentrations of the more concentrated and more dilute solutions, respectively.
These equations were evaluated for the salinities used in these measurements and the immobile charge content of each core was determined (values are listed in table 2). The percentage of negative charges which are immobilized is high, ranging from 7.4 percent to 92 percent of the total cation concentration of 50,000 parts per million. There is a tendency for the low immobilized-ion percentages to be associated with high porosity. The data in table 2 also suggest that the rocks with larger median-grain sizes have a lower immobilized-ion content. 
INTERPRETATION OF POLARIZATION DATA
In analyzing the raw-transient data, the charging curve system was used. This procedure consists of preparing a graph relating the integral of the transient expressed in volt-seconds per volt to the duration of the exciting pulse for each set of measurements (figure 38). For short pulses, the value of the integrated transient is directly 
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proportional to the pulse duration. For longer pulses the value of the integrated transient approaches an asymptote. The ratio of this asymptotic value to the exciting voltage may be used directly as a measure of the transient response of a material; or it may be converted to specific capacity by dividing by the additional factor RC0, R being the electrical resistance of a sample and Co being its geometric capacity. Table 3 lists the asymptotic values of integrated transient and specific capacity for all the cores. Considering the errors in the measurements and the uncertainty involved in extrapolating the charging curves to an assymptotic value, the values presented in table 3 probably are accurate within ±20 percent. For a single sample the variation in polarization from salinity to salinity is of the same magnitude as the average error, but there is a tendency for the polarization to decrease with increasing water salinity. The data were grouped in three categories for high, moderate, and low values of polarization and the average value of polarization for each of the three groups was computed ( fig. 39) . The polarizations are about 50 percent smaller when a saturating solution containing 50,000 ppm NaCl is used than when a solution containing 3,500 ppm NaCl is used.
An earlier study of the dielectric constant of sandstones from the Morrison formation (Keller and Licastro, 1959) 
* dz (3)
Eo is the applied voltage, Co is the geometric capacity of the system, 7 is a constant of proportionality, 6 is related to the inverse of the standard deviation of the distribution of time constants, t and To are the time and principal time constant, respectively, and z=ln Previous work (Keller, 1959) has suggested that, for a particular rock type, there is an inverse correlation between electrical resistivity and specific capacity. A correlation plot of these two factors, shown in figure 43, indicates that this relationship holds in a general way for sandstones of the Morrison, although for any given value for one of the factors, there is a tenfold range in the corresponding values for the other factor.
CORRELATION BETWEEN TRANSIENT DATA AND ROCK PROPERTIES
Of more importance than listing the range of the parameters describing electric polarization is the use of these data as a clue to the mechanics of the polarization. An idea of how rock texture and connate-water salinity may effect electrolytic polarization can be obtained by postulating simple models of rock structure incorporating the electro-osmotic and ion-trap concepts mentioned in the introduction.
For the purpose of constructing a model of the ion-trap mechanism a typical pore structure in a clastic rock may be considered as consisting of a relatively large storage void connected to other such voids by fibrous channels. Clay particles in constrictions in the connecting channels will effectively block migration of negative ions because of the small size of the channels and the force of electrostatic repulsion from the negative charges usually present on the clay particles. In such a situation the positive ions are free to move through the rock under the influence of an external field but anions can migrate only until they encounter a selectively permeable pore constriction. A negative charge accumulates at the pore constriction as the anions migrate from one side to the other of the free area in a pore. When the external field is removed, the charge accumulations will return to equilibrium positions by diffusion, giving rise to a prolonged transient current. Using this model, the charge stored by a current pulse is given (Keller and Licastro, 1959) by
where Q is the charge stored in the ion accumulations, <t > is the porosity, E is the applied voltage, 7 is the pulsing current, t is the pulse duration, N is the fraction of the pores blocked by anion traps, D is the average storage pore diameter, k is the ratio of the volume of connecting pores to the volume of the storage pores, and m is the ratio of the voltage gradient in the connecting pores to the voltage gradient in the storage pores, a, OQ, ju+ and /*-are the ionic concentrations and mobilities, respectively.
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As a model for the electro-osmotic effects, the pore structure can be thought of as a bundle of capillaries wandering randomly through a rock. A part of the cations in the solution are fixed by absorption on the walls of the capillaries, leaving the liquid in the center of the capillaries enriched in anions. Motion of the fluid causes an electric current because of the lack of electrical neutrality. A relation between the electrokinetic phenomena and rock texture may be deduced by considering von Karmen's equation for electro-osmotic velocity and Darcy's equation for hydraulic velocity (see Pirson, 1947) . When a voltage is applied across a bundle of capillaries, the resulting migration of ions causes a flow of water through the capillaries. The terminal velocity is This current results in a voltage according to Ohm's law. Since the bundle of capillaries follows a devious route throughout the model of a rock, the voltage gradient along the capillaries is reduced by the tortuosity of the pore paths. Tortuosity is expressed analytically as the ratio of the length along a pore divided by the straight line length of a sample. Thus, equation 7 becomes:
where p is the resistivity of the rock. Or, since values of D, pw, K and m. We have no direct method of measuring N, the fraction of the pores blocked by ion traps, but it should be roughly proportional to ao/a, the fraction of cations immobilized in the rock.
(a ao) were computed and listed in Table 4 . Values for the factor a (2a-a0) In the case of electro-osmotic polarization, the polarization should be proportional to the factor which also is listed in table 4.
a<j)
If either of these processes is the principle cause of polarization, then there should be a direct proportionality between the polarization / » e quantity I -= dt and the corresponding factor listed in Table 4 . Correlation plots for the polarization quantity as a function of the ion-trap number and of the electro-osmosis number are shown in figure 44. It is immediately obvious that the correlation between polarization and ion-trap number is better than the correlation between polarization and electro-osmosis number. The scatter of the electro-osmosis data about a correlation line covers three orders of magnitude while the scatter of the ion-trap data about a similar line covers only half an order of magnitude. Variations within a half order of magnitude are readily explainable in terms of the lack of precision of such meas- urements as pore diameter and the parameters k and m. Variations of more than three orders of magnitude are not so readily explained. A further distinction between ion-trap and electro-osmotic polarization lies in the manner in which polarization depends on the salinity of the saturating water. In ion-trap polarization, defined in equation 5, the polarization should not vary with the salinity of the water except as the water salinity may effect such parameters as AT" and a®. In electro-osmotic polarization, the amplitude of polarization is proportional to the water resistivity and zeta potential, both of which decrease rapidly with increasing water salinity. The fact that the polarizations observed in these experiments decrease only slightly with increasing salinity indicates that at most the electro-osmotic effect is a small part of the total polarization effect.
ELECTRO-OSMOSIS NUMBERS
There are other, more sophisticated, differences in the way electroosmotic and ion-trap polarizations differ according to equations 5 and 12. In particular, the type of salt in solution will have a profound effect on polarization since the mobilities of the ions enter into equation 5 and the zeta potential in equation 12 is controlled by the type of salt in solution.
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In spite of the fact that measurements were carried out on a limited suite of rocks, some generalizations may be made regarding electrical polarization in brine-saturated sandstones. These include: 1 The polarization of a rock, expressed as the ratio of the integral of the transient voltage to the steady-state voltage, decreases slightly as the salinity of the water saturating it increases. As a corollary, the specific capacity of a rock differs only slightly from being inversely proportional to the resistivity of that rock. It is obvious that the transient measure of volt-seconds per volt generally used in field work is incapable of differentiating freshwater sandstones from salt-water sandstones. On the other hand, if polarization measurements are combined with resistivity, the two conditions could be distinguished from one another. 2. The polarization in a sandstone results primarily from the pileup of ions at potential barriers within the pore structure, rather than from the fluid inertial transient resulting from electroosmosis, as suggested by Dakhnov and others (1952) .
